The superposition model is used to investigate the crystal eld parameters, B kq of Cr 3+ in lithium potassium sulphate. The zero eld splitting parameters D and E are then determined using microscopic spin Hamiltonian theory and compared with the experimental values obtained by electron paramagnetic resonance. Both zero eld splitting parameters D and E evaluated theoretically are in good agreement with the experimental values. The results suggest that the Cr 3+ ion occupies substitutional K + site in lithium potassium sulphate.
Introduction
The superposition model was introduced to separate the physical and geometrical information existing in rare--earth ion crystal eld parameters [1] . Its application to the spin Hamiltonian (SH) parameters of d 5 ion ground state was also developed [2] . Some success in applying this model to the orbit lattice interaction was achieved. The usual problem in applying this model lies in nding the positions of various ligands. Hence the link between the model and the theories of local distortion in crystals is of considerable interest.
Cr 3+ ion in an octahedral environment is a very attractive system, which is continuously receiving considerable attention of many research groups. Very specic energy level structure of Cr 3+ ion with spin-quartet and spin--doublet levels gives an opportunity to reveal dynamic and static properties of Cr 3+ impurity centers [3, 4] . The superposition model [5, 6] has been successfully applied to gain very detailed information on the lattice site and crystalline environment of Cr 3+ ion in crystals [7, 8] . This model was successfully applied to Cr 3+ ion doped RbCdF 3 [9] and ammonium dihydrogen phosphate [10] .
Theoretical studies on the spin Hamiltonian parameters have become the subject of a considerable number of works [1115] . Various mechanisms have been suggested to contribute to ground-state splitting of the magnetic ions interacting with the lattice [16] . The mostly used procedure treats cubic eld and the diagonal part of free--ion Hamiltonian as unperturbed Hamiltonian, leaving the perturbations as the spinorbit coupling, the low--symmetry eld, and the o-diagonal part of free-ion Hamiltonian. This procedure was proposed by Macfarlane for F -state ions that gives better results [9] .
Electron paramagnetic resonance (EPR) studies of Cr 3+ impurities in ammonium lithium sulphate (ALS) and lithium potassium sulphate (LPS) single crystals, * corresponding author; e-mail: ram_kripal2001@rediffmail.com which belong to the materials with the general formula M M BX 4 (M = Li; M = Na, K, Rb, Cs, NH 4 , N 2 H 5 ; BX 4 = BeF 4 , SO 4 , SeO 4 ), have been reported [17, 18] . There are three possibilities for the site of Cr 3+ centre in LPS crystal, namely substitution at K + site, substitution at Li + site and interstitial. It is interesting to determine the site of this impurity. It was found that Cr 3+ enters the lattice substitutionally at K + site [17] . In this paper, we present the calculated zero eld splitting parameters (ZFSPs), using crystal eld parameters from superposition model [16] for the Cr 3+ ion present at substitutional K + site in LPS. The result derived from this model is consistent with the experimental observation.
Crystal structure
The crystal structure of LiKSO 4 was determined by Karppinen et al. [19] . The structure is hexagonal, space group P 6 3 with Z = 2. The unit cell dimensions are a = 0.51452 nm and c = 0.86343 nm. The structure consists of Li + and SO
2− 4
ions lying on threefold axes and K + ions lying on sixfold axes. The Li + ion has a tetrahedral coordination with LiO distances in the range 0.19090.1923 nm. The K + ion is surrounded by nine O atoms of sulphate at distances 0.28400.2989 nm. The arrangement of O ligands may be described as a distorted octahedron with additional O atoms outside three of its edges (Fig. 1a) .
Theoretical investigation
The experimental results for the resonance eld of Cr 3+ in LPS single crystals can be analyzed with the usual spin Hamiltonian [20] :
where µ B is the Bohr magneton, g is spectroscopic splitting factor, D is axial zero eld splitting parameter and E is rhombic zero eld splitting parameter. In the above equation, rst term represents the electron Zeeman interaction, second term represents the axial zero eld splitting and third term represents the rhombic zero eld splitting. The crystal eld Hamiltonian can be written as [21] :
where B kq are the crystal-eld parameters and C (k) q are the Wybourne spherical tensor operators. For the orthorhombic symmetry of the crystal eld, B kq = 0 only with k = 2, 4, q = 0, 2, 4. In the present study, the crystal-eld parameters, B kq are calculated using superposition model [2227] . Considering the transformation properties of the Stevens operators O q k , the relations between the arbitrary symmetry spin Hamiltonian parameters and crystal eld parameters in the Stevens notation B q k were derived in various axis systems [28] . Using consistent convention prevailing in the recent literature we have the following relations between the conventional ZFS parameters D and E and crystal eld param-
(3) Taking these relations and the idea that the ratio E/D for an orthorhombic symmetry Hamiltonian can always be limited to the range (0, ±1/3), the conventional D and E are calculated by obtaining B q k from B kq (crystal eld parameters in the Wybourne notation) [29] , where B kq are determined from the expressions given in Appendix A.
By considering the covalency eect via the average covalency parameter N , the Racah parameters B, C and the spinorbit coupling parameter, ξ d can be expressed in terms of N as [21] 
, where B 0 and C 0 , and ξ 0 d are the free ion Racah and the spinorbit coupling parameters, respectively [21] [20] ). With B = 697 cm −1 and C = 3247 cm −1 obtained from optical absorption [18] , 
Superposition model
The superposition model has been shown to be quite successful in explaining the crystal-eld splitting of the 4f n ions [31] and recently of some 3d n ions [6, 32, 33] . This model expresses the crystal eld parameters as [5, 16] :
where R j are the distances between the paramagnetic ion and the ligand ion j, R 0 is the reference distance, normally chosen near a value of the R j 's. θ j are the bond angles in a chosen axis system (preferably symmetry adopted axis system (SAAS)) [5, 22] . Summation is taken over all the nearest neighbour ligands. The coordination factors K kq (θ j , φ j ) are the explicit functions of angular positions of ligands [16, 22, 23] . The parameter A k (R j ) is given by [16] :
where A k (R 0 ) is the intrinsic parameter for a given ion host system; t k is power law exponent.
For 3d N ions in the 6-fold cubic coordination A 4 (R 0 ) can be found from the relation [34]: A 4 (R 0 ) = (3/4)Dq. As A 4 (R 0 ) is independent of the coordination [24] , we have used above relation to determine A 4 (R 0 ) in our calculation. Also, A 2 (R 0 ) = 8A 4 (R 0 ) [9, 32] . Using Dq = 2050 cm −1 [18] , we get A 4 (R 0 ) = 1537.5 cm
and A 2 (R 0 ) = 12300 cm −1 . The following values of the superposition-model parameters and the metalligand bond distances (Fig. 1b) are adopted: • , respectively.
Result and discussion
First, assuming interstitial site of Cr 3+ at the point between O(1)O(2) bond the origin was shifted at this point. The bond distances of dierent ligands, R j and the corresponding angle θ j were determined and are given in Table I . When R 0 is taken as the average of R j [13] , i.e. R 0 = 0.511 nm, t 2 = 4 and t 4 = 6, we obtain different crystal eld parameters resulting D and E to be 11241.7 cm −1 and 21586.8 cm −1 , respectively, which are inconsistent with the experimental values. Then we have calculated D and E taking the lowest value of the metal oxygen distances as R 0 [35] i.e. R 0 = 0.439 nm, t 2 = 4 and t 4 = 6, which come out to be −10273.4 cm −1 and 1622.1 cm −1 , respectively. These are also larger than The bond distances of dierent ligands, R j and the angle θ j were calculated and are given in Table II . Taking R 0 as the average of R j [13] , i.e. R 0 = 0.423 nm, t 2 = 4 and t 4 = 6, we obtain D and E to be −1108537 cm The origin of Cr 3+ was then shifted at the K + ion site and bond distances of dierent ligands, R j and angle θ j were determined as shown in Table III . Taking R 0 as the average of R j [13] , i.e. R 0 = 0.585 nm, t 2 = 4 and t 4 = 6, we obtain dierent crystal eld parameters resulting D and E to be −24528.9 cm −1 and −1591.4 cm −1 , respectively, which is larger than the experimental values. We have then calculated D and E taking above R 0 (0.585 nm) and t 2 = 8 and t 4 = 9, which are −33822.4 cm −1 and −11051.4 cm −1 , respectively. These are also larger than the experimental values. We have also calculated D and E taking the lowest value of the metaloxygen distances as R 0 [35] i.e. R 0 = 0.551 nm, t 2 = 4 and t 4 = 6, which come out to be −19386. Then we have taken R 0 = 0.110 nm and t 2 = 8, t 4 = 9 and obtain D and E as −525 × 10 −4 cm −1 and −172 × 10 −4 cm −1 (Table IV) , respectively, which are in reasonable agreement with the experimental values. Therefore, we can say that K + site is the better candidate for substitution of Cr 3+ . In this way, the conclusion drawn on the basis of superposition model supports the experimental result that Cr 3+ ions take up substitutional K + site in the crystal [18] . The eective impurityligand distance (or reference bond length) is dierent as compared to the corresponding metalligand distance. This may be due to the dierence in charge and ionic radius between the Cr 3+ and the replaced K + in LPS [37] . This may also be due to an o-center displacement of the impurity ion in LPS. The calculations using dierent models of defect structure considering an o-center displacement of the impurity ion are in progress and the results will be published soon.
The expressions for crystal-eld parameters B kq , for the impurity at orthorhombic symmetry site, using Eq. (4) are given [11] Table IV . The ratio |E|/|D| comes out to be 0.32, which is standard one. The experimental values are also shown here for comparison. The calculated values of the ZFS parameters are in reasonable agreement with the values obtained from the experiment [18] . Using above B kq parameters and CFA program [38, 39] The calculated energy values are given in Table V along with the experimental ones for comparison. There is a reasonable agreement between these two. Thus, we conrm that the Cr 3+ ion enters the LPS lattice substitutionally at K + site and the calculated parameters (B kq , D and E) are convincing. The calculated ZFS parameters using superposition model may be used to identify the site of the Cr 3+ centre.
Conclusion
The EPR ZFS parameters have been investigated using the superposition model and microscopic spin Hamiltonian theory. The experimental ZFS parameters obtained for the Cr 3+ ion in LPS single crystal are in reasonable agreement with the calculated ZFS parameters at the substitutional K + site. The calculated optical spectra are in reasonable agreement with the experimental ones. We conrm that the Cr 3+ ion occupies substitutional K +
